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Study  region:  Hulugou  River Basin  (HRB)  of  Qilian  Mountains,  eastern  edge  of Tibetan
Plateau.
Study  focus:  Traditional  manual  observations  only  record  point-scale  precipitation  rather
than  regional-scale  precipitation.  Automatic  weather  stations  just  record  precipitation
amount  without  discriminating  by type  of precipitation.  This  study  observed  precipita-
tion  types  all  over  the  HRB  and  analyzed  air temperature  and  humidity  conditions  at daily
and half-hour  resolution.
New  hydrological  insights  for  the region:  Combined  observations  of air temperature  and  pre-
cipitation type indicate  that,  at daily  resolution  the threshold  air temperature  between
rain  and  snow  is  0 ◦C and  the  air  temperature  at rain/snow  boundary  is  from  0 ◦C  to 7.6 ◦C,
which  means  the  rain  and  mixed  precipitation  threshold  air  temperature  can  shift  more
than 7.0 ◦C  in  the  HRB.  At half-hour  resolution,  air  temperature  is  above  0 ◦C during  rainfall,
under  0 ◦C  for  snowfall,  and above  0 ◦C at the  rain/snow  precipitation  boundary,  and  could
either  be above  0 ◦C or ﬂuctuate  around  0 ◦C for mixed  precipitation.  Corresponding  rela-
tive  humidity  observations  indicate  that  rainfall  and  mixed  precipitation  events  correspond
with high  humidity  conditions  in warm  season  of  the  HRB.  Snowfall  events  correspond  with
low humidity  conditions  in  the  HRB.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Observation of precise precipitation amount and type of precipitation are critical for reliable stream ﬂow forecasts
(Fassnacht et al., 2006). Precipitation amount has been widely observed, but precipitation type is rarely observed by auto-
matic weather stations. Type of precipitation has great impact on the land surface energy balance (Loth et al., 1993; Ding
et al., 2014), as snowfall can increase the surface albedo, and rainfall can decrease the surface albedo (Box et al., 2012). Land
surface hydrological processes are also different for different precipitation types, i.e., rainfall usually converts into under-
ground or surface water stream systems, while snowfall may  accumulate during the cold season and melt in warm season.
Observation of precipitation type is important, because some forms of cold season precipitation can pose a threat to human
safety or disrupt travel and commerce (Reeves et al., 2014). It has been widely recognized that gauge measured precipitation
∗ Corresponding author at: Qilian Alpine Ecology and Hydrology Research Station, Cold and Arid Regions Environmental and Engineering Research
Institute, Chinese Academy of Sciences, Lanzhou 730000, China
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2214-5818/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table  1
Precipitation measurements intercomparison experiment.
Gauge Abbreviation Size Start date End date Measure time
China standard precipitation gauge CSPG  =20 cm,  h = 70 cm June, 2009 April, 2014 20:00 and 8:00, local time
CSPG  with Alter shelter Alter  = 20 cm,  h = 70 cm June, 2009 April, 2014 20:00 and 8:00, local time
Pit  gauge with a CSPG Pit  = 20 cm,  h = 0 cm September, 2010 April, 2014 20:00 and 8:00, local time
Pit  with a larger diameter bucket Pit500  = 25 cm,  h = 0 cm September, 2010 April, 2014 20:00 and 8:00, local time
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as systematic errors mainly caused by wind-induced undercatch (Sugiura et al., 2003). When the wind speed is very high,
he catch ratio of precipitation gauges depends on precipitation type (Yang et al., 1995). In this case, the precipitation type
ata deﬁcit will greatly affect measured precipitation calibration and precision.
However, most of the time precipitation type data are not available because these depend on manual observation and
utomatic precipitation type discrimination sensors are not precise enough to be used widely. For example, the World
eteorological Organization arranged an intercomparison of weather sensor abilities (Present Weather Sensors/Systems
ntercomparison; PREWIC, 1993–1995) in the ﬁeld of precipitation detection and precipitation type discrimination (Leroy
nd Bellevaux, 1998). Sensors like the Vaisala FD12P performed the best of all optical sensors in PREWIC, but it is known that
he discrimination of precipitation type is not precise (Haji, 2007). Manual observations of precipitation type are limited at
ertain altitudes. A study by Thériault et al. (2010) indicated that small variations in temperature proﬁles and precipitation
ate can have major impacts on the types of precipitation formed at the surface. It was  also found that precipitation type
aries widely over space and time in mountainous regions (Harder and Pomeroy, 2013), where the rain/snow boundary
ften formed at certain altitudes.
Little knowledge is available of how elevation impact the precipitation types, and no systemic precipitation type obser-
ations have been undertaken at watershed scale in mountainous regions. To address this shortfall, a systemic precipitation
ype observation experiment was carried out in the Hulugou River Basin (HRB) of the Qilian Mountainous. The observations
nclude manual observations since 2009 as a reference at the outlet of the HRB. Two time-lapse cameras have been used
o photograph precipitation types in the HRB at two  different locations since 2012. Through photographic interpretation,
recipitation types which include rainfall, snowfall and mixed precipitation are acquired at basin scale. If the rain/snow
oundary is visualized in a precipitation event, the elevation of the rain/snow boundary is obtained by georeferencing the
mage. On the basis of automatic land surface meteorological observations at different altitudes, the air temperature and
umidity were determined for each precipitation event at daily and half-hour resolution. Speciﬁcally, in this study, the
eteorological conditions at the rain/snow boundary were determined during each mixed precipitation event, which can
e used as the threshold air temperature to differentiate rain and mixed precipitation.
. Study area and data
The HRB is located in the Qilian Mountains along the northeastern margin of the Tibetan Plateau (38◦15′54.9′′N,
9◦52′53.5′′E; Fig. 1). The basin forms the headwaters of the Heihe River and has a catchment area of 23.4 km2. Eleva-
ions in the basin range from 2980 m to 4800 m above sea level. The landscape zones include glaciers at mountain top,
ubnival, marsh meadows, alpine shrub, and mountain grassland. The annual precipitation ranges from 376 to 650 mm,
nd the annual mean temperature varies from approximately 3.1 ◦C at 3000 m to −4.0 ◦C at 4200 m.  The river basin faces
orth with inclines from 5◦ to 85◦. The steep north facing slope experiences less solar radiation and lower ground surface
emperatures, combined with the large elevation ranges, these conditions cause mixed precipitation events to frequently
ppear at high altitudes during the warm season. Consequently, the rain/snow boundary is often visualized on north facing
spects of the HRB.
Field precipitation measurement intercomparison experiments (Fig. 1, Table 1) were conducted near the outlet of the
RB (2980 m).  Manual observations (rain, snow and mixed) are three time per day. In September 2008, four ENVISs (Envi-
onmental Information Systems) were installed at 2980 m,  3382 m,  3710 m,  and 4166 m in the HRB. Measurements include
ir temperature, humidity, wind speed and direction, radiation, amount of precipitation (weighing gauge), snow depth,
umber of hours of sun, ground surface temperature, soil temperature at eight depths, and three ground heat ﬂuxes. The
eighting gauge was used to determine the total rain using a weighting sensor TRwS500 with a resolution of 0.001 mm.
ther sensors installed in each of the ENVISs include the temperature and relative humidity sensor of Campbell CS215-L,
he wind speed and direction sensor of Campbell Wind sonic Two-Dimensional Sonic Anemometer, the radiation sensor of
ampbell four-component radiometer, the Campbell snow depth sensor of SR50 Sonic Ranging Sensor with a precision of
 cm,  the Campbell soil water content sensor of Enviro SMART Soil Water Content Proﬁle Probes, the Campbell soil temper-
ture sensor of 107 L Sensor, the CSD3sun time hour sensor, and the soil heat ﬂux sensor of HFP01SC-L Self-Calibrating Soil
eat Flux Plate sensor.
In June 2012, two automatic weather stations (AWSs) were installed on the western tributary of the HRB (3839 m).
nother AWS  was installed at a higher site (4496 m)  on the Shiyi glacier. Each AWS  measures air temperature, relative
22 J. Liu, R. Chen / Journal of Hydrology: Regional Studies 5 (2016) 20–32Fig. 1. Overview of the Hulugou River Basin. Shown are the locations of observation points of the manual precipitation, two  automatic weather stations,
four  environmental information systems, the Shiyi glacier, the EOS 7D camera at 3140 m and the EOS 600D camera at 4550 m.
humidity, wind speed and precipitation once every 30 min. The sensors in these two AWSs for these measurements were
similar to those in the ENVISs.
Since September 2011, manual shoot has been applied in the HRB at 3140 m every morning around 9:00 Beijing time,
approximately 1 km from the catchment outlet. In April 2012, a Canon EOS 7D was  equipped with automatic time-lapse
accessories and a protective device to replace manual shooting. This camera was installed at manual shooting site. Before
July 6 2012, pictures were taken automatically at 9:51 and 15:51 Beijing time, and after June 1, the pictures were taken on
the hour. The camera’s ﬁeld of view covers the whole basin’s altitudinal gradient. This camera records the precipitation type
and snow cover distribution for the whole HRB.
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In July 2012, a Canon EOS 600D time-lapse camera was  installed at 4550 m.  The camera photographs the Shiyi glacier,
hich covers 0.3 km2 and ranges from 4313 m at its terminus to 4800 m above sea level. In this study, this camera was used
o record high altitude precipitation types. The glacier surface temperatures are equal to or less than 0 ◦C, which means
recipitation type is hardly affected by the glacier surface thermal conditions. In the warm season, clouds or fog persistently
ffect the view of the EOS 7D camera. Compared to the EOS7D camera, the EOS 600D camera has a closer view of the Shiyi
lacier and can sometimes avoid the clouds for fog. Sometimes, if the solid parts are low, the snow/rain boundary can hardly
e observed by the EOS7D camera, but the EOS600D can detect it because of its close view. In this case, the EOS 600D camera
an observe more mixed precipitation than the EOS 7D camera.
. Methods
In the HRB cold season (October–April) observed air temperatures at 2980 m,  in the basin outlet, are usually under
◦C. Precipitation intensity and duration are low most of the time, and the precipitation amount is usually less than 30%
f the annual total. The manual observation at 2980 m indicates that snowfall dominates the cold season precipitation
hroughout the HRB. Precipitation is mainly concentrated in the warm season. Precipitation types can change from rain
o mixed precipitation or snowfall with increasing altitude. Even at the same altitude, precipitation may  be preceded or
ollowed by mixed precipitation. In this case, precipitation type discrimination is a very difﬁcult task. In the HRB, most of the
ixed precipitation or snowfall events happened at night, but precipitation type could only be monitored during daytime
y observers or cameras after it happened.
Fig. 2 shows a ﬂowchart of precipitation type discrimination methods used in this paper. The discrimination of precipi-
ation is based on manual observations at the basin outlet at 2980 m and two cameras at 3140 m and 4550 m.  In this study,
f the manual observation at the basin outlet is snow, or mixed precipitation, the entire HRB is considered to have snowfall
r mixed precipitation. If the basin outlet manual observation is rainfall, the two cameras were used to identify precipita-
ion type at higher altitudes, where if either the EOS7D camera or EOS 600D camera captures the rain/snow boundary, the
recipitation under the rain/snow boundary is considered to be rainfall and above the boundary is mixed precipitation. The
ltitude of the rain/snow boundary was calculated based on georeferencing these pictures. The georeferencing method has
een presented by Liu et al. (2012, 2014).
In order to avoid subjective discrimination of precipitation type at high altitudes on the Shiyi glacier, we also used the
bserved snow depth data, half-hour precipitation data, half-hour air temperature, and pictures taken by the two  cameras
o help in the precipitation type discrimination process.
The three TRwS500 weighing gauges at 3340 m, 3710 m and 4160 m are a cumulative record of both rainfall and snowfall
vents. Phase was identiﬁed if the TRws500 recorded precipitation.
Snow depth was measured by the SR50 sensor. An increase in snow depth was used to identify snowfall, while no change
r a decrease in snow depth was used to identify rainfall.
Ground surface temperature was used to identify snowfall and rainfall in the warm season. If the ground surface tem-
erature was greater than 0 ◦C, then all precipitation was  presumed to be rainfall.
If the two cameras captured snowfall, or the snow depth sensor recorded an increase in snow depth, the density of snow
epth was calculated based on observed precipitation data and snow depth data. If snow density was over 0.2 g/cm3, the
recipitation was identiﬁed as mixed, while a density under 0.2 g/cm3 was  identiﬁed as snowfall.
Fig. 3 presents a mixed precipitation event starting on May  23, 2012 with associated meteorological data at 3340 m,
710 m and 4160 m.  At 3340 m,  the snow depth was  not captured by the SR50 snow depth sensors. At 3710 m and 4160 m,
he air temperature and ground surface temperature decreased with altitude, and snow depth and duration increased with
ltitude. During this precipitation event, the EOS 7D camera recorded the snow/rain boundary at 3185 m,  which means the
now depth sensor could not detect the thin snow depth. At 3710 m and 4160 m,  the density was over 0.2 g/cm3, which
eans mixed precipitation happened.
24 J. Liu, R. Chen / Journal of Hydrology: Regional Studies 5 (2016) 20–32
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Snow depthFig. 3. Observed snow depth and associated meteorological data at three different altitudes: (a) 3340 m, (b) 3710 m and (c) 4160 m.
4. Results
4.1. Precipitation type observation results at three locations
On the basis of observations at three different locations, great spatial and temporal differences in precipitation types
were observed in the HRB (Fig. 4). Manual observations at the HRB outlet showed that rain accounted for 69% and 83% of
the precipitation events in 2012 and 2013, respectively; mixed precipitation events accounted for 2.4% and 5%, snow events
accounted for 29% and 12% in 2012 and 2013. Rainfall was  mainly concentrated from April to September, and snowfall mainly
occurred from October to March. At 4550 m,  observed rain, mixed and snow precipitation events occur respectively 33%,
38%, and 29% in 2013. Compared with the manual observation results at the basin outlet, mixed precipitation events are
very common phenomena and rain occurs less often in the warm season at high altitudes above 4000 m.
Compared with the manual observations at 2980 m or the EOS 600D camera results at 4550 m,  the EOS 7D camera
provides a basin-scale perspective for observing precipitation type. For example, on 18 July 2013, the manual observation at
2980 m was rain, and a heavy snowfall covered the whole Shiyi glacier and surrounding area at 4550 m (Fig. 5). The EOS 7D
camera caught the rain/snow boundary at 3600 m (Fig. 5). Under this circumstance, the basin-scale precipitation is classiﬁed
as mixed rather than rain or snow. Only when the whole HRB is experiencing rain or snow, the precipitation is classiﬁed
accordingly, otherwise it is classiﬁed as mixed precipitation. Fig. 6 shows the observed and monitored precipitation type at
three different locations in 2012 and 2013, based on this discrimination principle. Mixed precipitation appeared from April
to October in 2012, and accounts for approximately 50% of the precipitation events. Basin-scale rainfall events occurred
only 12 times in July and August of 2012, and snow events occurred 32 times in whole year of 2012. In 2013, rain events
happened 36 times from June to August. Mixed precipitation happened 58 times from April to October, and snow occurred
12 times in whole year of 2013.
After georeferencing the basin-scale mixed and snow precipitation events, we get the altitude of the rain/snow boundary
(Fig. 7), where rain changed to mixed precipitation. In Fig. 7a it can be seen that from April to July 2012, the rain/snow
boundary altitude increased to greater than 4000 m.  The elevation of the rain/snow boundary then decreased to 3000 m in
October. The change in elevation is closely related to the seasonal change in air temperatures. Fig. 7b shows that the warm
season rain/snow boundary altitude variation in 2013 is similar to 2012, except in July and August, during which the EOS 7D
camera only caught the rain/snow boundary once in 2013. In July and August of 2013, more precipitation events occurred
than in the same months of 2012. The EOS 600D camera caught 14 and 13 mixed precipitation events from July and August
in 2012 and 2013, respectively, but fewer rain/snow boundaries were caught by the EOS 7D camera in 2013, which means
the rain/snow boundary had moved to even higher altitudes.
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ominated the HRB precipitation events from April to October. From October to March, snow dominated. Rain mainly
ccurred in July and August. Precipitation type proportions were very different in 2012 and 2013. In 2012, rain, mixed
recipitation and snow accounted for 16%, 49% and 35% of precipitation events, respectively; but in 2013, the proportions
hanged to 34%, 55% and 11%, respectively. Air temperature is generally the determining factor for the partitioning of rain,
ixed and snow (Braun, 1985). More rain and less snow in 2013 indicated higher air temperatures. Comparative studies at
wo different altitudes in 2012 and 2013 indicated that monthly air temperatures in 2013 were higher than in 2012 in the
RB (Fig. 8). In July and August 2013, the air temperatures were 0.4 ◦C and 1.4 ◦C higher than in the corresponding months
f 2012. Consequently, the rain proportion was much higher in 2013 than in 2012.
Another difference from 2012 to 2013 is that basin-scale snow events lasted until late May  in 2013, much later than in
012 (when they stopped in April), and the mean rain/snow boundary altitude was  lower in May  of 2013 than in May  of 2012
Fig. 7). Detailed studies of these precipitation events indicated that in May  of 2013, three heavy mixed precipitation events
nd one small mixed precipitation event happened across the entire HRB, and the corresponding air temperatures ﬂuctuated
round 0 ◦C. In May  of 2012 only two small mixed precipitation events were noted in manual observations at the basin outlet.
ven though the monthly air temperature was not different in May  of 2012 than May  of 2013, the higher rain/snow boundary
nd fewer basin-scale mixed precipitation events in May  of 2012 were related to the higher air temperatures during the
recipitation period.
26 J. Liu, R. Chen / Journal of Hydrology: Regional Studies 5 (2016) 20–32Fig. 5. Precipitation type observations at 3140 m and 4550 m on 18 July 2013. (a) and (b) were photographed by EOS 7D camera over basin scale. (a) was
taken before mixed precipitation occurred, and (b) was  taken after mixed precipitation occurred. (c) and (d) were photographed by EOS 600D camera on
the  Shiyi glacier. (c) was taken before snowfall occurred, and (d) was  after snowfall occurred.
4.2. Daily mean threshold air temperatures in the HRB
Static or dynamic threshold air temperature has been widely applied to differentiate rain, mixed precipitation, or snow.
We used observed air temperatures at different altitudes and precipitation type results to obtain the threshold air tempera-
tures. Fig. 9 shows precipitation types and corresponding daily air temperatures. Manual observations at 2980 m indicated
that rain appeared when the air temperature was above 3.6 ◦C, snow was  not observed when the air temperature exceeded
−2.7 ◦C, and mixed precipitation appeared when the air temperature was  between 1.9 ◦C and 6.1 ◦C (Fig. 9a). Results from
the EOS 600D camera at 4550 m indicated that rain appeared when the air temperature was above 1.7 ◦C, snow appeared
when the air temperature was under −0.5 ◦C, and mixed precipitation appeared when the air temperature was  between 0 ◦C
and 7.6 ◦C (Fig. 9b).
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28 J. Liu, R. Chen / Journal of Hydrology: Regional Studies 5 (2016) 20–32Fig. 10. Half-hour air temperatures during rain, mixed precipitation and snow events, and air temperatures at the rain/snow boundary during precipitation
events  (a) half-hour air temperatures at 4550 m for rain events, (b) half-hour air temperatures during precipitation events at the rain/snow boundary, (c)
half-hour air temperatures during mixed precipitation events, (d) half-hour air temperatures at 2980 m for snow events).
To calculate the threshold air temperature at the rain/snow boundary, ﬁrst, the images were georeferenced into a digital
orthophoto with the same resolution as the available digital elevation model data (DEM). Then, the altitude at the rain/snow
boundary is extracted based on the orthophoto and DEM data. Finally, two observed air temperatures that are close to
the rain/snow boundary were selected, and half-hour air temperatures were interpolated to the altitude of the rain/snow
boundary based on the following equations:
Tb = T1 +
(T2 − T1)(Hc − H1)
H2 − H1
(1)
where Tb is the threshold air temperature at the rain/snow boundary (◦C); T1 and T2 (◦C) are observed air temperatures at
altitude H1 and H2 (m), respectively; and Hc is the altitude of the rain/snow boundary (m).
If the whole HRB is covered in rain, then the interpolated air temperature at 4765 m was  selected as the corresponding
air temperature for the rainfall event, and if the whole HRB is covered with snow, the air temperature at 2980 m was
selected as the corresponding air temperature for the snowfall event. The basin-scale precipitation types and corresponding
air temperatures are shown in Fig. 9c. When rainfall occurred all over the HRB, the air temperature at 4765 m was greater
than 1.0 ◦C; snowfall occurred when the air temperature was below 0.9 ◦C. Observations indicated that the air temperature
shifted from −0.3 ◦C to 7.4 ◦C at the rain/snow boundary, which means that the threshold air temperature at the rain/snow
boundary varied.
Through manual precipitation type observation at 2980 m,  EOS 600D camera assisted precipitation type discrimination
at 4550 m,  and basin-scale precipitation type observation, we  conclude that the threshold air temperature between rain and
snow is generally 0 ◦C in the HRB. The rain and mixed precipitation threshold air temperature is not obvious in the HRB
(Fig. 9). The mixed precipitation air temperature ranges from 0 ◦C to 7.6 ◦C.
4.3. Half-hour air temperatures for the three precipitation types
Precipitation is usually concentrated at a speciﬁc time of day, which means the precipitation type is determined more
by the air temperature at these speciﬁc times than by the daily resolution air temperature. Fig. 10 shows the half-hour air
temperatures during the three different precipitation types, in which the wide bars represent the upper quartile and the
lower quartile of half-hour air temperature, the plus sign represents the median half-hour air temperature, and the ﬁne
bars represent the maximum and minimum half-hour air temperatures during precipitation events. During rain events, the
half-hour air temperatures were above 0 ◦C (Fig. 10a), the half-hour air temperature at rain/snow boundary were also above
0 ◦C (Fig. 10b). For mixed precipitation above the rain/snow boundary, the half-hour air temperature was  either range from
positive to negative or above 0 ◦C (Fig. 10c). For the snow events, half-hour air temperatures are below 0 ◦C (Fig. 10d).
From these half-hour air temperature analyses, we conclude that if the half-hour air temperatures are below 0 ◦C, the
precipitation can be classiﬁed as snow; if half-hour air temperatures ranges from positive to negative during the precipitation
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Fig. 11. Relative humidity during three precipitation types: (a) rainfall, (b) mixed precipitation and (c) snowfall.
e
p
4
a
t
m
8
h
h
T
h
H
ovent, the precipitation can be classiﬁed as mixed precipitation; and if the half-hour air temperatures are above 0 ◦C, the
recipitation type can be either rain or mixed precipitation.
.4. Relative humidity for rainfall, mixed precipitation, and snowfall
Ding et al. (2014) and Harder and Pomeroy (2013) have shown that precipitation types are related to a combination of
ir temperature and humidity. We  selected the half-hour relative humidity during precipitation events at different altitudes
o analyze the relationship of relative humidity and precipitation types.
Half-hour relative humidity observations in the HRB indicated that relative humidity is lower for snowfall events than for
ixed precipitation or rainfall (Fig. 11). Most of the observed relative humidity values at the rain/snow boundary were over
5%. Photographed weather conditions were cloudy or foggy during mixed precipitation or rainfall, which indicates very
igh humidity conditions. Mixed precipitation events were concentrated in the warm season, which corresponds with high
umidity conditions. Some mixed precipitation events were actually shifts from rainfall to mixed or rainfall to snowfall.
he falling rain adds moisture to the air, combined with falling air temperatures during precipitation event, this causes
igh humidity conditions. In sub-saturated conditions, snowﬂakes will sublimate instead of melt into liquid water. In the
RB, cloudy or foggy weather conditions indicate that sublimation or evaporation was  not common. This explains why  the
bserved threshold air temperature was 0 ◦C for mixed precipitation and rainfall.
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Fig. 12. Comparison of observed relative humidity at four different locations: (a) between 2980 m and 3340 m;  (b) between 2980 m and 3710 m;  (c) between
2980  m and 4166 m;  (d) between 2980 m and 4496 m.5. Discussion
5.1. Humidity at different altitudes
Observations in the HRB indicated that the correlation coefﬁcients of humidity at four different altitudes decreased with
increasing distance (Fig. 12). A paired samples test indicates that the standard deviation for relative humidity is greater than
25% between two different sites, and the standard error mean is more than 16%, and the differences are signiﬁcant spatially.
Estimation of humidity from other measurements will have a large uncertainty if the measured sites are not near to each
other. If the humidity was not available, the calculation of humidity based on observations from other site observations
could cause great uncertainty. Use of air temperature and estimated humidity to discriminate precipitation type could also
induce great uncertainty.
5.2. Liquid proportion in mixed precipitation
Discrimination of rain, snow and mixed precipitation and quantifying the liquid proportion in mixed precipitation are
critical to runoff estimations. In this paper, we monitored precipitation types with time-lapse cameras and manual observa-
tions at point or basin scales, which enabled us to observe precipitation type at different altitudes in a mountainous region.
Although we applied time-lapse photography to monitor rain/snow boundaries, and obtained threshold air temperatures
to differentiate rain, snow, and mixed precipitation, we need to quantify the liquid proportion in mixed precipitation. The
rain/snow boundary is the upper limit of rain and lower limit of mixed precipitation. For other mountainous regions without
basin-scale observations of precipitation type, we  need to ﬁnd appropriate ways to discriminate precipitation types. In this
case, a comparison of various precipitation discrimination approaches is needed in the HRB to evaluate precision at differ-
ent time scales. Future observations need to monitor the liquid proportion in mixed precipitation, which can improve the
precision of precipitation discrimination methods especially for mixed precipitation.
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.3. Threshold air temperature at different time scales
In this paper, we investigated daily resolution and half-hour threshold air temperatures for rainfall, mixed precipitation
nd snowfall. At daily resolution, threshold air temperatures at two  observation points (manual observation at 2980 m,  and
OS 600D camera at 4550 m)  and basin-scale observation results are not identical. We  found that rainfall happened if the air
emperature was above 0 ◦C, but the precipitation type can be classiﬁed only unequivocally as rainfall if the air temperature
s above 7.6 ◦C. Snow happened if the air temperature was  below 0 ◦C. The air temperature at the rain/snow boundary shifted
etween 0 ◦C and 7.6 ◦C, so the differentiation of rainfall and mixed precipitation through a static threshold air temperature
s not appropriate.
Half-hour air temperatures during the precipitation event combined with corresponding precipitation type indicated
hat rainfall happened when the half-hour air temperatures were above 0 ◦C and snowfall happened when the half-hour air
emperatures were below 0 ◦C. When mixed precipitation happened, the half-hour air temperatures could be either positive
r have crossed 0 ◦C during the precipitation event. The half-hour air temperatures at rain/snow boundary were above 0 ◦C
uring the precipitation event.
At either a daily or half-hour resolution, 0 ◦C is the threshold air temperature between snow and rain. Discrimination
f mixed precipitation and rain based on the threshold air temperature is not appropriate on a daily scale, because the air
emperature at the rain/snow boundary ﬂuctuated from 0 ◦C to 7.6 ◦C. At a half-hour resolution, when the half-hour air
emperatures during the precipitation events are above 0 ◦C, the precipitation could either be rain or mixed precipitation.
hen the half-hour air temperatures ﬂuctuated between negative and positive values during precipitation events, the
recipitation type could be discriminated as mixed precipitation.
Past precipitation type observations in the Qilian Mountains usually identiﬁed two  static threshold air temperatures to
iscriminate snow, mixed and rain precipitation. For example, observations at the July 1st Glacier indicate that the two
tatic threshold air temperatures are 2.3 ◦C and 7.2 ◦C. Within this range, the probability of rainfall increased with rising air
emperature from 0 to 100% (Sakai et al., 2006). The two critical temperatures observed at the Yanglong River in the Qilian
ountains are 0 ◦C and 7.2 ◦C (Ding and Kang 1985). The lower and upper limits from our observation results are similar to
hose of Ding and Kang (1985), except that in the HRB rainfall is likely to happen in this threshold temperature range.
. Conclusions
A comparative study of precipitation in two successive years in the HRB indicates that rising air temperatures induced
hifts from mixed precipitation to rain at high altitudes. Point and basin-scale observations indicated that precipitation types
t high altitudes are more sensitive to air temperature changes than precipitation type at lower altitudes. Precipitation type
bservations in the HRB indicate that at daily or half-hour resolutions, 0 ◦C can be used to discriminate rain and snow. At
aily resolution, air temperatures at the rain/snow precipitation boundary ﬂuctuated between 0 ◦C and 7.6 ◦C, which means
hat precipitation can be discriminated as rain only when the daily resolution air temperatures were above 7.6 ◦C. From 0 ◦C
o 7.6 ◦C, the precipitation type could be either rain or mixed precipitation. During a precipitation event, the half-hour air
emperatures were above 0 ◦C at the rain/snow precipitation boundary, the half-hour air temperatures were above 0 ◦C when
ainfall occurred, the half-hour air temperatures were below 0 ◦C when snowfall occurred, and the half-hour air temperature
uctuated around 0 ◦C when mixed precipitation occurred.
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